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Effect of loop diuretics on organic osmolytes and cell electrolytes in the
renal outer medulla. Electron microprobe analysis on freeze-dried
cryosections was used to determine the effect of the loop diuretics
torasemide and furosemide on intracellular electrolyte concentrations
in individual cells of the outer and inner stripe of the outer medulla and
on cell rubidium uptake, the latter a measure of basolateral Na-K-
ATPase activity. In addition, the organic osmolytes glycerophospho-
rylcholine (GPC), betaine, inositol and sorbitol in cortex, outer medulla
and inner medulla were measured using HPLC. Both loop diuretics
significantly reduced sodium and chloride concentrations and rubidium
uptake in thick ascending limb cells, but did not affect sodium concen-
tration or rubidium uptake in the proximal straight tubule (PST) cells or
in the light or dark cells of the outer medullary collecting duct (OMCD).
Chloride concentrations in these cells (that is, PST cells, OMCD light
and dark cells) were lowered by loop diuretics, albeit less than in thick
ascending limb cells. Administration of both loop diuretics for only 20
minutes was sufficient to significantly depress tissue concentrations of
GPC, betaine, and myo-inositol in the outer medulla and of GPC,
betaine and sorbitol at the papillary tip. These results indicate that loop
diuretics, presumably by blocking apical sodium entry, decrease thick
ascending limb cellular sodium concentration and, as a consequence,
reduce Na-K-ATPase activity as assessed by cell rubidium uptake.
Although this has been shown previously in in vitro preparations, the
present study confirms this for the first time in vivo. Moreover, changes
in intracellular concentrations of organic osmolytes may participate
importantly in the osmotic adaptation of both outer and inner medullary
cells, not only to chronic but also to acute reductions in interstitial
tonicity.
Many recent studies on the transport properties of outer
medullary tubule segments have been performed on in vitro
preparations [1—3]. Using these techniques specific transport
pathways have been identified in the cells of the medullary thick
ascending limb [3—7], of the S3 segment of the proximal straight
tubule [31 and in outer medullary collecting duct cells [2, 31. On
the other hand, information on mechanisms and regulation of
tubular ion transport obtained from direct in vivo investigation
of tubular epithelial cells in the outer medulla is scanty, because
the tubule segments of this kidney zone, located between cortex
and inner medulla, are not readily accessible from the renal
surface. In recent years we have applied electron microprobe
analysis for the direct measurement of intracellular electrolyte
concentrations under in vivo conditions in these structures [8].
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Since acute modulation of transcellular electrolyte transport
across cortical tubule segments and the frog skin epithelium
results in characteristic alterations of intracellular electrolyte
concentrations [9—11], changes in transcellular electrolyte
transport of outer medullary tubule segments may be expected
to induce similar characteristic alterations.
The first aim of the present study was to characterize in more
detail the transport properties of outer medullary tubule seg-
ments in vivo. To this end electrolyte transport in the thick
ascending limb of Henle's loop was experimentally changed by
loop diuretics and the effect of this experimental maneuver on
concentrations of intracellular electrolytes determined. In ad-
dition, initial cellular uptake rates of rubidium, which have been
shown to be a valid estimate of in vivo Na-K-ATPase activity
[12, 13], were measured to gain information on the effect of
altered concentrations of intracellular electrolytes upon baso-
lateral Na-K-ATPase activity.
As a result of transport inhibition in the thick ascending limb
of Henle's loop, interstitial osmolality, and in particular, inter-
stitial electrolyte concentrations, are acutely diminished result-
ing in a reduction in the concentrating capacity of the renal
medulla [14, 151. It has been demonstrated that cells of the inner
medulla, which achieve osmotic adaptation to elevated extra-
cellular tonicity mainly by accumulation of organic osmolytes
[16, 17], respond to a reduction in extracellular tonicity by
release of these substances [16—21]. Since there are no reports
to date on the short-term (less than 30 mm) effect of a decrease
in extracellular electrolyte concentrations on the intrarenal
distribution of organic osmolytes, the second aim of this study
was to establish whether these osmoeffectors participate in cell
osmotic adaptation in response to acute hypotonic stress.
Methods
Preparation of animals and experimental protocol
Experiments were performed on male Wistar rats (SAVO,
Kisslegg, Germany) allowed a standard rat diet (Alma,
Kempten, Germany) and tap water ad libitum until the day of
study.
Anaesthesia was induced by intraperitoneal injection of In-
actin (100 to 120 mg/kg body wt; Byk-Gulden, Konstanz,
Germany). The animals were placed on a thermoregulated
operating table which maintained the body temperature at a
preset value (37°C). The trachea was cannulated and polyeth-
ylene catheters were inserted into the right jugular and the left
femoral veins for administering infusion solutions, and into the
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left femoral artery for continuous monitoring of blood pressure
and withdrawal of blood samples. The left kidney was exposed
via a flank incision, freed of adherent fat and connective tissue,
laid in a plexiglas cup and superfused with warm paraffin oil
(38°C). The ureter was catheterized to allow the timed collec-
tion of urine and, hence, determination of flow rate, inulin,
electrolytes and osmolality. Blood samples were obtained at the
end points of each collection period for determination of plasma
electrolyte and inulin concentrations.
Three groups of animals were studied:
Group 1—controls (N = 6). These animals received hyper-
tonic saline to stimulate distal sodium chloride delivery and
sodium absorption [9, 22, 23]. The infusion solution, which
contained sodium chloride (270 mmol/liter), potassium chloride
(30 mmol/liter), and polyfructosan (2 g%; mutest, Laevosan,
Linz, Austria), was administered at a rate of 23 mI/hr/kg body
wt.
Group 2—torasemide (N = 6). These animals were infused as
above. During the last 20 minutes, however, the ioop diuretic
torasemide (Boehringer Mannheim GmbH, Mannheim, Ger-
many) was added to the infusion solution at a concentration
delivering 6 mg/hr/kg body wt. In pilot experiments this dose
elicited changes in urine flow rate and sodium and chloride
excretion similar to 20 mg/hr/kg body wt furosemide.
Group 3—furosemide (N = 6). The infusion protocol was
similar to that of the control group. During the last 20 minutes
the animals of group 3 received the loop diuretic furosemide (20
mglhr/kg body wt; Lasix; Hoechst AG, Frankfurt M., Germa-
ny). Comparable doses of furosemide have been shown to
effectively inhibit sodium absorption in the loop of Henle [24].
Urine was collected during the last 10 minutes of the exper-
iment after which rubidium chloride (0.50 mmol/kg body wt)
was infused into the left femoral vein for 30 seconds [12]. The
left kidney was then excised immediately and bisected to
expose the various kidney zones (cortex, outer medulla, inner
medulla). A half-kidney was then shock-frozen in an isopen-
tane/propane mixture (1:3 vollvol; —196°C) for electron micro-
probe analysis. In general, less than 3 seconds elapsed between
cutting the pedicle and shock-freezing the kidney. The right
kidney was subsequently removed and samples of all kidney
zones were excised and frozen in liquid nitrogen for HPLC.
Preparation of freeze-dried cryosections and electron
microprobe analysis
A small piece of tissue containing the cut surface of the outer
medulla was broken under liquid nitrogen from the shock-
frozen half-kidney and fixed in a clamp-type specimen holder,
mounted in a precooled ultracryomicrotome (Ultrotome V,
LKB, Bromma, Sweden). The advance of the cryotome was set
to deliver 1 m thick cryosections. The cutting temperature was
—90°C. Cryosections were obtained either from the outer or
inner stripe of the outer medulla, freeze-dried overnight at
—80°C and 10—6 mbar and then rapidly transferred into a
scanning transmission electron microscope (S150, Cambridge
Instruments Ltd, Cambridge, UK) after warming them to about
40°C.
Microprobe analysis of the freeze-dried cryosections was
carried out using an energy-dispersive X-ray detector system
(Link Systems, High Wycombe, UK) attached to the scanning
electron microscope. The acceleration voltage was 20 kV and
the probe current 0.3 nA. Small areas (ito 2 /.Lm2) were scanned
for 100 seconds and the emitted X-rays analyzed in the energy
range between 0.2 and 20 keV. The cellular measurements were
restricted to the nuclei since previous investigations have
shown that X-ray spectra obtained in the nuclei reflect true
intracellular electrolyte concentrations and are free from "con-
tamination" by extracellular compartments [25, 26].
Element concentrations in mmol/kg wet wt were obtained by
comparing the net intensities of the element-characteristic
radiation of spectra collected in the tissue with the appropriate
net intensities of standard spectra. Since these standards were
cut separately from the tissue, the following procedure was
chosen to obtain sections of comparable thickness of both
standard and tissue [8]. The mean net intensities of the element-
characteristic radiations determined in several sections of one
papilla were calculated for a specific tissue compartment. These
mean values were compared with the mean net intensities of the
element-characteristic radiations assessed in multiple sections
of an albumin standard with known electrolyte concentrations.
These standard sections were obtained from shock-frozen drop-
lets of a standard albumin solution which were cryosectioned
and freeze-dried under the same conditions as the tissue sam-
ples. Electron microprobe analyses of the standard sections
were carried out using identical measuring conditions as for the
tissue sections (see above). The dry weight of a specific tissue
compartment was determined by comparing the mean net
intensity of the background radiation obtained in the respective
compartment in several sections of one papilla with the mean
net intensity of the background radiation measured in multiple
standard sections [8]. Since urea is lost under the electron beam
[26], the dry weight values obtained in this study represent
urea-free dry weights.
Analysis of organic osmolytes by HPLC
Frozen samples of the outer cortex and the outer and inner
medulla were thawed and homogenized in 400 d ice-cold
HC1O4 (6%) with a Teflon homogenizer of the Potter-Elvehjem
type after prior determination of wet weight. The homogenates
were centrifuged for five minutes at 10,000 g and the pellet
separated from the supernatant. The pellet was resuspended in
NaOH (1 M) and protein determined using a protein assay kit
(Bio-Rad, Munich, Germany) with gamma-globulin as standard.
The protein-free supernatants were neutralized with ice-cold
KOH (5 M) and stored overnight at —80°C. The samples were
centrifuged the next day for five minutes at 10,000 g, the
supernatants passed through a Sep-Pak C18 cartridge (Waters,
Milford, Massachusetts, USA) for defatting, and then through a
0.22 jm filter (Waters).
Organic osmolytes in these samples were determined by a
modified HPLC method described by Wolff and associates [27].
Fifty l of each sample or standard (prepared in the same
manner as described above) were delivered by an autosampler
(SP 8875, Spectra Physics, Darmstadt, Germany) to the HPLC
column. The separation was carried out on a Sugar-Pak I
column (Waters) isocratically perfused at 0.5 mI/mm and 80°C
using purified water containing 50 mg/liter Ca-EDTA (Merck,
Darmstadt, Germany) as the mobile phase. Peak detection was
performed by IR-refractometry (Shodex RI SE-61; Showa
Denko, Düsseldorf, Germany). The detection limit for organic
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Table 1. Plasma values and parameters of renal function in control rats and in animals given either torasemide or furosemide
Controls Torasemide Furosemide
Plasma potassium concentration mmol/liter 4.10 0.08 3.88 0.04 3.65 0.05a
Plasma sodium concentration mmol/liter 150.0 0.6 149.9 0.7 150.1 0.4
Plasma chloride concentration mmollliter 121.0 1.7 121.9 1.1 119.8 2.1
Urine flow rate ul/min/JOO g body wi' 24.6 4.5 112.5 I1.oa 146.9 l3.Oa
Glomerular filtration rate ml/minIlOO g body wt 0.59 0.02 0.49 0.02a 0.49 0.02a
Fractional potassium excretion % 61.0 2.3 88.6 5.Oa 96.3 37a
Fractional sodium excretion % 8.9 0.7 25.1 l.7' 29.9 1.4
Fractional chloride excretion % 12.4 0.6 34.5 2.2a 40.2 2.4a
Urine osmolality mOsm/kg 833 99 366 15 339 23
Number of animals N 6 6 6
Data are means 5CM.
a Significantly different from corresponding value of control animals
b Significantly different from corresponding value of torasemide-treated rats
osmolytes was 0.5 nmoL/50 p1 and the signals were linear up to
50 nmol/50 p1, respectively. The amounts of organic osmolytes
in a specific tissue sample were calculated by comparing the
peak areas of the respective substance with the corresponding
standard curve.
Analysis of electrolytes, osmolality and mu/in in fluid samples
Sodium and potassium concentrations in plasma, urine and
albumin standard solutions were measured by flame photome-
try (IL mc, Lexington, Massachusetts, USA), chloride concen-
trations by electrometric titration (Chloridometer 6610, Eppen-
dorf, Hamburg, Germany) and osmolalities by vapor pressure
osmometry (5100 B, Wescor mc, Logan, Utah, USA). Inulin in
plasma and urine were measured by the anthrone method [28].
Clearance data for sodium, potassium, and chloride were cal-
culated using standard formulae.
Presentation of data and statistical analysis
The cell element concentrations and the concentrations of
organic osmolytes in renal tissue are given in mmol/kg wet wt,
the tissue contents of organic osmolytes in mmol/kg protein.
The data are presented as means SEM. The mean intracellular
concentration of a specific element obtained in a specific cell
type in either outer or inner stripe of one kidney was taken as a
single data point and used for further statistical evaluation.
Differences between the means were tested for statistical sig-
nificance by one-way analysis of variance and the multiple
comparison test of Student-Newman-Keuls using commercial
computer statistical software (SPSS/PC software; SPSS Inc.,
Chicago, Illinois, USA). The criterion for statistical significance
was P < 0.05.
Results
Table 1 summarizes plasma electrolyte concentrations, clear-
ance data and urine osmolality under control conditions, that is,
infusion of hypertonic saline, and following the administration
of either torasemide or furosemide. Both loop diuretics elicited
prompt and substantial increases in urine flow and the fractional
excretions of potassium, sodium and chloride. Urine osmolality
fell sharply to values only slightly higher than those in periph-
eral plasma. Plasma potassium concentration was significantly
lowered only by furosemide, while the decrease in glomerular
filtration rate reached statistical significance in animals treated
with both diuretics. Although urine output and fractional excre-
tions of potassium, sodium and chloride tended to be higher and
urine osmolality lower with furosemide than with torasemide,
the dose of the latter was considerably lower. These findings are
thus consistent with previous observations that, on both gravi-
metric and molar bases, torasemide is more effective than
furosemide [29, 30].
Cell element concentrations
Outer stripe. Table 2 shows the effect of loop diuretics on
element concentrations, including rubidium, of different cell
types in the outer stripe of the outer medulla. In proximal tubule
cells intracellular chloride concentration was significantly re-
duced by both torasemide (22%) and furosemide (33%). In thick
ascending limb cells both loop diuretics caused sodium, chlo-
ride, and rubidium concentrations to decrease (33, 37 and 49%
with torasemide, 37, 46 and 63% with furosemide) without
significantly affecting cell potassium and phosphorus concen-
trations or cell dry weight. In the cells of the outer medullary
collecting duct, loop diuretics did not have any major effects on
cell element concentrations with the exception of chloride
concentrations in the light and dark cells of furosemide-treated
rats and of chloride concentration in the dark cells of to-
rasemide-treated rats which fell by 21, 30 and 23%, respec-
tively. Both diuretics decreased the dry weight of dark cells by
about 19%. In general, furosemide tended to have greater
effects on cell element concentrations than torasemide.
Inner stripe. Table 3 summarizes element concentrations and
dry weights of specific tubule cells in the inner stripe of the
three groups. In the inner stripe thick ascending limb cells, the
reduction of sodium and chloride concentrations and of rubid-
ium uptake by loop diuretics tended to be even greater than in
those of the outer stripe. The dry weight of these cells was
significantly diminished by torasemide (20%). Neither to-
rasemide nor furosemide significantly affected rubidium or
phosphorus concentrations in light or dark cells of the inner
stripe collecting duct. While both diuretics induced cell chloride
in both cell types to decrease, the fall in cell potassium
concentration was significant only in furosemide-treated rats.
Sodium concentration of light cells was lower following admin-
istration of torasemide than of furosemide. In dark cells dry
weight decreased significantly by about 16% under the action of
either loop diuretic. Similar to the data obtained from outer
stripe tubule cells, the effect of furosemide on cell element
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Table 2. Element concentrations and dry weights of tubule cells in the outer stripe of the outer medulla in controls and in animals given ioop
diuretics (torasemide or furosemide)
Na K Cl Rb Dry weight
mmolIkg wet wt g/100 g
Proximal tubule cells (PST)
Control 16.6 0.5 132.8 6.8 20.8 1.4 5.1 0.2 155.3 8.7 22.8 1.1
Torasemide 14.0 0.9 121.7 9.0 16.3 l.8a 4.2 0.4 150.7 15.1 21.3 1.6
Furosemide 15.2 0.7 127.7 7.8 13.9 0.9a 4.6 0.3 153.3 7.1 21.7 0.2
Thick ascending limb cells
Control 17.7 1.0 142.8 8.9 25.0 2.2 18.6 2.8 180.4 11.1 21.0 1.1
Torasemide 11.8 l.la 147.1 8.2 15.7 0.8a 9.5 l.4a 179.2 11.0 18.4 0.7
Furosemide 11.1 0.9 145.8 8.1 13.5 I.l 6.9 0.5 170.3 8.7 19.0 0.4
Light cells (MCD)
Control 24.8 2.1 159.3 9.1 34.3 2.0 4.9 0.1 189.0 9.6 20.7 1.2
Torasemide 22.5 2.8 151.2 9.0 32.2 1.5 4.0 0.7 169.4 11.5 18.6 1.0
Furosemide 25.0 0.3 149.7 7.1 27.1 3.9 0.7 175.9 9.9 19.5 1.1
Dark cells (MCD)
Control 13.6 0.8 164.4 13.3 59.1 2.7 2.7 0.4 180,2 9.9 21.4 1.0
Torasemide 15.0 1.2 153.7 10.8 45.8 3.2a 2.8 0.3 161.2 11.9 17.1 o.8
Furosemide 12.7 0.9 148.2 5.3 41.2 l.3a 3.0 0.3 159.9 6.7 17.6 l.0
Values are means SEM. In each group 6 animals were studied.
a Significantly different from corresponding value of control animals
' Significantly different from corresponding value of torasemide-treated rats
Table 3. Element concentrations and dry weights of tubule cells in the inner stripe of the
diuretics (torasemide or furosemide)
outer medulla in controls and in animals given loop
Na K Cl Rb P Dry weight
gIIOO gmmol/kg wet wt
Thick ascending limb cells
Control 18.9 0.8 151.4 10.0 34.4 3.0 19.4 3.5 179.1 12.5 21.2 1.0
Torasemide 11.9 0.9 139.5 6.3 20.5 2,I 8.3 l,2a 169.7 7.7 17.0 Q5a
Furosemide 10.9 0.7a 133.7 1.7 13.6 11a,b 5.0 0.7a 168.1 3.0 19.2 1.0
Light cells (MCD)
Control 17.3 1.0 163.9 9.3 44.8 2.5 3.1 0.3 174.1 12.1 19.1 0.3
Torasemide 14.7 1.0 154.2 8.0 35.8 3.Oa 3.1 0.4 167.5 10.6 16.2 0.9
Furosemide 18.7 Ø9l 123.2 22a,b 23.0 2,4a.b 2.6 0.3 141.1 1.4 16.4 1.4
Dark cells (MCD)
Control 15.7 1.0 166.2 12.1 68.1 5.0 2.5 0.2 180.3 17.1 19.9 0.7
Torasemide 14.3 0.8 158.4 7.8 52.3 2,7a 2.8 0.2 166.3 5.0 16.9 0.3
Furosemide 13.5 0.6 134.9 2,9a 38.7 1,5a,b 2.4 0.2 146.8 4.2 16.5 Ø•5a
Values are means SEM. In each group 6 animals were studied.
a Significantly different from corresponding value of control animalsb Significantly different from corresponding value of torasemide-treated rats
concentrations tended to be more pronounced than that of
torasemide.
Organic osmolytes
Figure 1 depicts the effect of loop diuretics on the concentra-
tions of organic osmolytes in the different kidney zones. Nei-
ther torasemide nor furosemide had any significant effect on
osmolyte concentrations in the renal cortex. In the outer
medulla, however, torasemide reduced glycerophosphoryicho-
line from 5.4 0.4 to 4.0 0.5, betaine from 13.4 1.4 to 9.9
0.8 and inositol from 18.2 1.1 to 14.4 1.2 mmoLlkg wet wt
within 20 minutes. The decrease in osmolyte levels was even
more pronounced under furosemide (to 3.7 0.3, 6.6 0.6, and
13.2 0.9 mmollkg wet wt for glycerophosphoryleholine,
betaine and inositol, respectively). In neither group was sorbitol
detectable in the cortex or the outer medulla. Administration of
both loop diuretics significantly reduced total organic osmolytes
in the inner medulla and papilla. Concentrations of betaine and
sorbitol were more affected by the diuretics than those of
glycerophosphorylcholine or inositol.
Table 4 summarizes the tissue contents (in mmol/kg protein)
rather than concentrations of osmolytes in various kidney zones
in the three groups. Assuming that acute treatment with diuret-
ics does not change the protein content of a specific kidney
zone, these numbers reflect the absolute amount of osmolytes
in that part of the kidney and would not be altered by water
removal from or water addition to a specific zone of the kidney.
It is evident that in both experimental groups the sum of
osmolyte contents is reduced significantly in the outer medulla
and the papillary tip. The changes in tissue contents of organic
osmolytes are less pronounced in the outermost zone of the
inner medulla (IM1) and the papillary base (1M2) than in the
papillary tip (1M3). Again, betaine and sorbitol contents are
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Fig. 1. Tissue concentrations of organic osmolytes in different sections
of the kidney in controls (9 HPLC-assays for each kidney zone) and in
animals given either torasemide (9 HPLC-assays) or furosemide (7
HPLC-assays) for 20 minutes. The numbers refer to different kidney
zones: I cortex, 2 outer medulla, 3 inner medulla (IMI), 4 papillary base
(1M2), 5 papillary tip (1M3). Data (in mmol/kg wet wt) are shown as
means SEM; * significantly different from corresponding value of
controls; # significantly different from corresponding value of to-
rasemide-treated rats.
more affected than those of glycerophosphoryicholine or inosi-
tol.
Discussion
The cells of the renal medulla are exposed to great variations
in extracellular solute concentrations. In the concentrating
kidney, when extracellular tonicity is high, these cells accumu-
late organic osmolytes to balance the elevated extracellular
concentrations of poorly permeant electrolytes [16, 17]. Con-
versely, tissue levels of organic osmolytes in the renal medulla
are lowered when the kidney excretes a less concentrated urine
and medullary tonicity is reduced [16—21]. Most of the studies
dealing with the effect of reduced medullary tonicity on organic
osmolytes in the inner medulla have been carried out on animals
in which diuresis had been induced either by loop diuretics [18,
21] or water loading [19] two hours or more before determina-
tion of organic osmolytes. Rapid changes in the osmolyte
contents of specific kidney zones might thus have escaped
detection. Experiments by Wolff and coworkers in which the
contents of glycerophosphoryicholine, betaine, inositol and
sorbitol in whole rabbit inner medullae were investigated have
shown that betaine alone was significantly reduced 20 minutes
after a bolus injection of furosemide [201. This observation
agrees well with the present finding of a significant decrease of
betaine content in the outermost zone of the inner medulla
(IM1, Table 4) after 20 minutes of continuous furosemide
administration. By virtue of the pyramidal shape, this portion of
the inner medulla constitutes the greater part of inner medullary
tissue, and thus changes in contents of organic osmolytes at the
base and tip of the papilla induced by short-term exposure to
loop diuretics may have escaped detection in those studies. The
present observation that short-term infusion of loop diuretics
causes striking decreases in tissue contents of organic os-
molytes at the tip of the papilla may be explained by the steeper
fall of extracellular tonicity in this zone of the inner medulla
[141. This interpretation is supported by the present finding of a
greater effect on organic osmolytes in the different medullary
zones with furosemide than with torasemide, the former tending
to be more potent at the dose used in the present experiments
on urine electrolyte and water excretion, and hence presumably
on extracellular medullary tonicity.
The influence of short-term administration of ioop diuretics
on tissue contents of organic osmolytes in the outer medulla has
not been investigated previously. The present experiments
demonstrate that these agents, which curtail the separation of
solute and water along the thick ascending limb [1, 6, 7, 30—36]
and thereby reduce outer medullary osmolality [15], cause
substantial decreases in the total contents of organic osmolytes
within only 20 minutes.
The fall in tissue concentrations of organic osmolytes in both
the outer and inner medulla (Fig. 1) can be caused, in principle,
by either removal of these substances from, or addition of water
to these regions of the kidney. The present data do not exclude
dilution of organic osmolytes by water addition (see below).
They provide strong evidence, however, that osmolyte loss at
least contributes substantially to the decrease in the medullary
concentrations of organic osmolytes, since the absolute
amounts of these substances (expressed in mmol/kg protein) are
also reduced in the outer medulla and the papillary tip (Table 4).
Removal of osmolytes from the medullary tissue must be a
consequence of either local degradation or efflux of osmolytes
from the medulla via the blood or urine. Data obtained from in
vitro preparations of separated collecting ducts [18] and cul-
tured renal epithelial cells [37] support the concept that medul-
lary cells release organic osmolytes via specific transmembrane
transport pathways in response to hypotonic stress. Since there
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Table 4. Organic osmolytes in different kidney zones in controls and rats treated with either torasemide or furosemide for 20 minutes
GPC Betaine Myo-inositol Sorbitol Total osmolytes
mmol/kg proteinmmol/kg protein
Cortex
Control 2.9 0.8 12.7 1.5 13.6 2.5 n.d. 29.3 3.2
Torasemide 3.4 0.8 11.4 2.2 13.2 1.6 n.d. 28.0 2.7
Furosemide 3.3 0.9 11.7 1.0 14.6 2.9 n.d. 29.6 3.2
Outer medulla
Control 32.6 2.7 80.6 7.9 109.3 6.5 n.d. 222.5 7.8
Torasemide 25.6 4.1 63.1 73 90.9 10.3 n.d. 179.4 22.2a
Furosemide 22.7 2.4 39.7 3.la 81.6 6.9 n.d. 144.1 lO.la
Inner medulla—IMI
Control 278.7 28.5 60.4 7.2 136.6 7.3 22.7 6.1 498.5 34.0
Torasemide 221.2 22.3 42.5 8.8 108.4 14.2 26.8 6.5 399.0 47.5
Furosemide 224.7 28.6 20.1 3Ø 97.4 12.9 18.2 12.9 360.4 38.5
Papillary base—1M2
Control 438.6 56.0 73.5 12.6 165.8 24.4 128.0 26.6 806.0 73.5
Torasemjde 470.4 37.1 70.9 20.6 131.5 21.7 120.7 24.8 793.6 82.9
Furosemide 414.0 23.7 16.9 2.2a 83.1 9.0 21.7 ll.3 5357
Papillary tip—1M3
Control 487.6 48.9 183.5 17.8 80.9 8.0 344.5 38.6 1096.5 90.9
Torasemide 367.6 32.3 71.0 18. 83.7 18.8 190.0 20.3a 712.2 80.5a
Furosemide 405.6 28.4 38.7 8.7a 79.9 30.3 130.3 l3.4a 654.3 48.8a
Values are means SEM; n.d. = not detectable. The number of HPLC assays was: controls N
furosemide-treated group N = 7.
a Significantly different from corresponding control valueb Significantly different from corresponding value obtained in torasemide-treated animals
is no indication of degradation of osmolytes by medullary cells
in vitro [18], cellular release and subsequent removal in the
blood or/and urine appears more likely.
The present studies show that tissue levels of glycerophos-
phorylcholine, betaine, inositol and sorbitol are not uniformly
diminished when extracellular osmolality is reduced by loop
diuretics. The changes in betaine and sorbitol levels occurred
more rapidly than those of inositol or glycerophosphorylcho-
line, an observation consistent with results obtained in the
rabbit renal medulla [20] and in permanent cell lines of renal
medullary cells [37].
The total concentration of monovalent electrolytes, that is,
the sum of potassium (rubidium), sodium and chloride, varies
between the different cells at the same horizontal level in the
inner (Table 3) and especially in the outer (Fig. 2) medullary
stripe. Assuming that neighboring cells have the same intracel-
lular osmolality, this implies that the contribution of these
electrolytes to total intracellular osmolality varies from cell to
cell. Consequently the intracellular concentration of other
osmoeffectors (presumably organic osmolytes) which are not
detected by electron microprobe analysis must be higher in
those cells with a lower total concentration of monovalent
electrolytes and vice versa. Alternatively, if the extracellular
tonicity in restricted regions of the medullary tissue, even at the
same horizontal level, were to differ, intracellular osmolality
might also differ between cells. In this case, the intracellular
concentration of organic osmolytes need not be inversely
related to the total concentration of intracellular monovalent
electrolytes. In view of the highly ordered parallel arrangement
of vascular and tubular structures with their highly distinct
passive and active transport properties in the medulla, this
alternative explanation cannot be excluded.
When extracellular tonicity is reduced cells may re-establish
osmotic balance by either solute loss or water uptake or both.
= 9, torasemide-treated group N = 9, and
Fig. 2. Potassium (E), rubidium (U), sodium (s), and chloride (11111)
concentrations in proximal straight tubule cells (PST), thick ascending
limb cells (MAL), light (LI) and dark (DA) cells of the medullary
collecting duct (MCD) in the outer stripe of the outer medulla in
controls (group 1) and in rats treated for 20 minutes with either
torasemide (group 2) orfurosemide (group 3). Data (in mmol/kg wet wt)
are shown as means SEM.
The finding that the sum of electrolyte concentrations of tubule
cells, notably those in the inner stripe (Table 3), is decreased by
loop diuretics, may be attributed to both mechanisms. Since the
dry weight of some of the cell types analyzed is diminished by
loop diuretics, it might be suggested that the volume of these
cells is increased by osmotically-induced water influx. How-
ever, this decrease in cell dry weight might equally well be
explained by loss of organic osmolytes. It is not possible, on the
basis of the present data, to discriminate between the reduction
of intracellular "ionic strength" by exit of electrolytes into the
extracellular compartment or by intracellular dilution due to
water entry. Experiments on isolated perfused medullary thick
ascending limbs demonstrate that, in response to hypotonic
300
200
100
0 123 123 123 123
PST MAL LI cell DA cell
MCD
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stress, cell volume initially increased due to osmotically-in-
duced water influx and subsequently decreased, presumably
due to solute efflux [381. The present data are compatible with
the view that similar processes may also occur in vivo.
The reduction in total concentrations of intracellular electro-
lytes induced by loop diuretics was greater in the inner than in
the outer stripe. Since it may be assumed that under control
conditions, interstitial tonicity is higher in the inner than in the
outer stripe, the fall in interstitial, and as a consequence also in
intracellular, electrolyte concentrations can be expected to be
greater in the inner stripe. The fact that potassium is the
predominant intracellular inorganic osmoeffector may explain
the observation that in most cell types a decrease in intracellu-
lar potassium concentration (that is, in the sum of potassium
and rubidium concentrations) contributed significantly to the
fall in intracellular ionic strength induced by ioop diuretics.
The fall in intracellular sodium and chloride concentrations
induced by loop diuretics in thick ascending limb cells both in
the outer and inner stripe, may be ascribed to inhibition of the
Na-2C1-K-symport at the apical membrane of these cells [1, 5,
7, 341. The in vitro observations of a reduced chloride activity
in cortical thick ascending limb cells [39] and of sodium activity
in cells of the amphibian diluting segment [401, an epithelium
sharing many transport properties with the mammalian thick
ascending limb, is consistent with the present finding. Blockade
of the Na-2C1-K-symport by loop diuretics not only explains the
decrease of cell sodium concentration, but also the decline in
basolateral rubidium uptake of thick ascending limb cells. Since
the Na-K-ATPase activity in the basolateral membrane is
reduced by a decrease in intracellular sodium concentration
[41], the uptake of rubidium by this mechanism is also reduced.
Potassium channels in the apical membrane [35, 42] would
also permit rubidium influx via this route. However, under the
present experimental conditions this pathway is not likely to
contribute substantially to intracellular rubidium accumulation,
since during the 30 seconds of intravenous rubidium infusion
the delivery of this cation to the medullary cells by peritubular
blood flow will be far greater than by intratubular delivery of
filtered rubidium [12].
The decrease of chloride concentration in thick ascending
limb cells by loop diuretics is probably not solely due to
inhibition of apical Na-2Cl-K-symport. A decrease in interstitial
chloride concentration and activation of transport pathways by
increased cell volume mediating transmembrane chloride fluxes
might also contribute. This view is supported by the observa-
tion that chloride concentration is diminished by loop diuretics
in all cell types analyzed, albeit not as drastically as in thick
ascending limb cells.
The effects of furosemide on urine flow and renal electrolyte
excretion tended to be more pronounced than those of to-
rasemide (Table 1). Interestingly, this tendency was also ob-
served with respect to the reduction of rubidium uptake and the
fall in sodium and chloride concentrations in thick ascending
limb cells (Tables 2 and 3) as well as the decline in the osmolyte
contents in the outer medulla (Table 4). These data thus suggest
that even small differences in "macroscopic" renal function
(fluid and electrolyte excretion) induced by acute experimental
manipulations may be accompanied by similar small alterations
in cellular function (electrolyte and osmolyte concentrations) in
the outer medullary thick ascending limb.
Acknowledgments
Torasemide was a generous gift from Boehringer Mannheim GmbH,
Mannheim, Germany. This study was supported by the Deutsche
Forschungsgemeinschaft (Be 963/4-1). The technical assistance of Mar-
ion Schramm and I. OztUrk is gratefully acknowledged. We are in-
debted to Dr. J. Davis for critically reviewing the manuscript.
Reprint requests to Dr. Franz-X. Beck, Physio/ogisches Institut der
Universitdt, Pettenkoferstrasse 12, W-8000 München 2, Germany.
References
1. GREGER R: Chloride transport in thick ascending limb, distal
convolution, and collecting duct. Ann Rev Physiol 50:111—122, 1988
2. KOEPPEN BM, GIEBI5cH G: Segmental hydrogen ion transport, in
The Regulation of Acid-Base Balance, edited by SELDIN DW,
GIEmscH G, New York, Raven Press, 1989, pp 139—167
3. BERRY CA, RECTOR FC JR: Renal transport of glucose, amino
acids, sodium, chloride, and water, in The Kidney (vol. I, 4th ed),
edited by BRENNER BM, RECTOR FC JR, Philadelphia, W.B.
SaUnders, 1991, pp 245—282
4. HALL DA, VARNEY DM: Effect of vasopressin on electrical poten-
tial difference and chloride transport in mouse medullary thick
ascending limb of Henle's loop. J C/in Invest 66:792—802, 1980
5. Kouc B, RICAPITO S, KINNE R: Chloride transport in the thick
ascending limb of Henle's loop: Potassium dependence and stoi-
chiometry of the NaCI cotransport system in plasma membrane
vesicles. Pflugers Arch 399:173—179, 1983
6. HEBERT SC, CULPEPPER RM, ANDREOLI TE: NaCl transport in
mouse medullary thick ascending limbs. I. Functional nephron
heterogeneity and ADH-stimulated NaC1 cotransport. Am J Physiol
241:F4l2—F431, 1981
7. HEBERT SC, ANDREOLI TE: Control of NaC1 transport in the thick
ascending limb. Am J Physiol 246:F745—F756, 1984
8. BECK FX, DORGE A, RING T, SAUER M: Element composition of
tubule cells in the inner stripe of the renal outer medulla. Miner
ElectrolMetab 15:144—149, 1989
9. BECK FX, DORGE A, RICK R, SCHRAMM M, THURAU K: The
distribution of potassium, sodium and chloride across the apical
membrane of renal tubular cells: Effect of acute metabolic alkalo-
sis. Pflugers Arch 411:259—267, 1988
10. RICK R, ROLOFF C, DORGE A, BECK FX, THURAU K: Intracellular
electrolyte concentrations in the frog skin epithelium: Effect of
vasopressin and dependence on the Na concentration in the bathing
media. J Membr Biol 78:129—145, 1984
11. SAUER M, FLEMMER A, THURAU K, BECK FX: Sodium entry
routes in principal and intercalated cells of the isolated perfused
cortical collecting duct. Pflugers Arch 415:88—93, 1990
12. BECK FX, DORGE A, BLUMNER E, GIEBJSCH G, THURAU K: Cell
rubidium uptake: A method for studying functional heterogeneity in
the nephron. Kidney Int 33:642—651, 1988
13. BECK FX, DORGE A, GIEBISCH G, THURAU K: Effect of diuretics
on cell potassium transport: An electron microprobe study. Kidney
mt 37:1423—1428, 1990
14. HOOK JB, WILLIAMSON HE: Effect of furosemide on renal medul-
lary sodium gradient. Proc Soc Exper Biol Med 118:372—375, 1965
15. DAVIS CL, BRIGGS JP: Effect of atrial natriuretic peptides on renal
medullary solute gradients. Am J Physiol 253:F679—F684, 1987
16. BECK FX, DORGE A, THURAU K, GUDER WG: Cell osmoregulation
in the countercurrent system of the renal medulla: The role of
organic osmolytes, in Cell Volume Regulation. Comp. Physiology,
edited by BEYENBACH KW, Basel, Karger, 1990, pp 132—158
17. GARCIA-PEREZ A, BURG MB: Renal medullary organic osmolytes.
Physiol Rev 710:1081—1115, 1991
18. WIRTHENSOHN G, LEFRANK S, SCHMOLKE M, GUDER WG: Regu-
lation of organic osmolyte concentrations in tubules from rat renal
inner medulla. Am J Physiol 256:F128—F135, 1989
19. YANCEY PH, BURG MB: Distribution of major organic osmolytes in
rabbit kidneys in diuresis and antidiuresis. Am J Physiol 257:F602—
F607, 1989
850 Beck et a!: Osmolytes and cell electrolytes in outer medulla
20. WOLFF SD, STANTON TS, JAMES SL, BALABAN RS: Acute regu-
lation of the predominant organic solutes of the rabbit renal inner
medulla. Am J Physiol 257:F676—F681, 1989
21. COWLEY BD, FERRARIS JD, CARPER D, BURG M: In vivo osmo-
regulation of aldose reductase mRNA, protein, and sorbitol in renal
medulla. Am J Physiol 258:F154—F16l, 1990
22. KUNAU RT, WEBB HL, B0RMAN SC: Characteristics of sodium
reabsorption in the loop of Henle and distal tubule. Am J Physiol
227:1181—1 191, 1974
23. KHURI RN, WIEDERHOLT M, STRIEDER N, GIEBISCH G: Effects of
graded solute diuresis on renal tubular sodium transport in the rat.
Am J Physiol 228:1262—1268, 1975
24. DUARTE CG, CHOMETY F, GIEBISCH G: Effect of amiloride,
ouabain, and furosemide on distal tubular function in the rat. Am J
Physiol 221:632—639, 1971
25. BECK F, BAUER R, BAUER U, MASON J, DORGE A, RICK R,
THURAU K: Electron microprobe analysis of intracellular elements
in the rat kidney. Kidney mt 17:756—763, 1980
26. BECK F, DORGE A, RIcK R, THURAU K: Intra- and extracellular
element concentrations of rat renal papilla in antidiuresis. Kidney
mt 25:397—403, 1984
27. WOLFF SD, YANCEY PH, STANTON TS, BALABAN RS: A simple
HPLC method for quantitating major organic solutes of renal
medulla. Am J Physiol 256:F954—F956, 1989
28. FUHR J, KACZMARCZYK J, KRUTTGEN CD: Eine einfache colorime-
trische Methode zur Inulinbestimmung für Nieren-Clearance-Un-
tersuchungen bei Stoffwechselgesunden und Diabetikern. K/in
Wochenschr 33:729—730, 1955
29. GHYS A, DENEF J, DELARGE J, GEORGES A: Renal effects of the
high ceiling diuretic torasemide in rats and dogs. Drug Res 35(11):
1527—1531, 1985
30. WITTNER M, DISTEFANO A, WANGEMANN P. GREGER R: How do
loop diuretics act? Drugs 41 (Suppl 3):1—13, 1991
31. DEETJEN P: Mikropunktionsuntersuchungen zur Wirkung von Fu-
rosemid. Pflugers Arch 284:184—190, 1965
32. MORGAN T, TADOKORO M, MARTIN D, BERLINER RW: Effect of
furosemide on Na and K transport studied by microperfusion of
the rat nephron. Am J Physiol 218:292—297, 1970
33. BURG M, STONER L, CARDINAL J, GREEN N: Furosemide effect on
isolated perfused tubules. Am J Physiol 225:119—124, 1973
34. GREGER R, SCHLATTER E, LANG F: Evidence for electroneutral
sodium chloride cotransport in the cortical thick ascending limb of
Henle's loop of rabbit kidney. Pflugers Arch 396:308—314, 1983
35. GREGER R, SCHLATTER E: Properties of the lumen membrane of the
cortical thick ascending limb of Henle's loop of rabbit kidney.
Pflugers Arch 396:315—324, 1983
36. HERMES H, HEIDENREICH 0: Renal effects of torasemide in the rat.
Clearance and micropuncture studies. Drug Res 35(11): 1532—1535,
1985
37. MORIYAMA T, GARCIA-PEREZ A, BURG MB: Factors affecting the
ratio of different organic osmolytes in renal medullary cells. Am J
Physiol 259:F847—F858, 1990
38. HEBERT SC, SUN A: Hypotonic cell volume regulation in mouse
medullary thick ascending limb: effects of ADH. Am J Physiol
255:F962—F969, 1988
39. GREGER R, OBERLEITHNER H, SCHLATTER E, CASSOLA AC, WE!-
DTKE C: Chloride activity in cells of isolated perfused cortical thick
ascending limbs of rabbit kidney. Pflugers Arch 399:29—34, 1983
40. OBERLEITHNER H, LANG F, WANG W, GIEBISCH G: Effects of
inhibition of chloride transport on intracellular sodium activity in
distal amphibian nephron. Pflugers Arch 394:55—60, 1982
41. JØRGENSEN PL: Sodium and potassium ion pump in the kidney
tubules. Physiol Rev 60:86.4—917, 1980
42. WANG W, WHITE S, GEIBEL J, GIEBISCH G: A potassium channel
in the apical membrane of rabbit thick ascending limb of Henle's
loop. Am J Physiol 258:F244—F253, 1990
